1. The kinetics of the slow inactivation process of Na+ channels were examined by recording single-channel currents from cultured neuroblastoma cells.
1. The kinetics of the slow inactivation process of Na+ channels were examined by recording single-channel currents from cultured neuroblastoma cells.
2. In order to directly examine slow inactivation, fast inactivation was first removed irreversibly by briefly exposing the internal surface of excised membranes to papain. Following treatment, the time constant for the inactivation of averaged membrane Na+ current increased by over two orders of magnitude, while the open time of individual channels increased by a factor of three. The two effects are consistent with the idea that papain can selectively remove fast inactivation of Na+ channels.
3. In the absence of fast inactivation, Na+ channels continued to open during maintained depolarization of the membrane to potentials less negative than -60 mV. Under these conditions, the opening occurred in bursts 50 ms to hundreds of milliseconds long, followed by silent periods lasting many seconds. The average burst length was found to be equal to the time constant of the decline in average evoked current measured at the same potential, indicating that a burst was terminated by entry of the channel into the slow inactivated state. 4 . Histograms of open times revealed two populations of open states at any potential. Bursts could also be classified as either short or long bursts. Bursts appeared to be due to the gating of a single channel, and long bursts contained both types of open states, suggesting that a Na+ channel could have more than one open state.
5. The kinetics of bursts of Na+ channels were voltage dependent. As the membrane was depolarized, the burst length, interval between bursts, and open time all increased. Although the probability of an open channel during a burst increased to almost 1-0 with depolarization, any channel was open less than 0 5% of the time when measured throughout the depolarization. The increase in burst duration with depolarization would occur if the rate of slow inactivation is faster from closed states of the channel than from open states.
6. Records of membrane current evoked by a series of step depolarizations were clustered into those with openings of Na+ channels and those without openings. Records in which a channel did not inactivate during the depolarization were less likely to lead to hibernation, suggesting that this phenomenon is caused by the slow inactivation process. INTRODUCTION 'Slow' inactivation of voltage-gated Na+ channels in excitable membranes seems to be a universal finding. The phenomenon has been described in both vertebrate and invertebrate neurones, skeletal muscle, and cardiac muscle (see reviews by Rudy, 1981; Almers, Stanfield & Stiihmer, 1983;  Gintant, Daytner & Cohen, 1984) using voltage clamp techniques. The slow inactivation pr,ocess inhibits the opening of Na+ channels, with maintained depolarization, on a time scale two to three orders of magnitude slower than that for the activation process. While the phenomenon of slow inactivation has been known for some time, the mechanism by which slow inactivation is able to reduce membrane current across neuronal membranes was not. One difficulty in studying the mechanism of slow inactivation is that a faster inactivation process reduces the current across the membrane well before the onset of slow inactivation. Due to this 'fast' inactivation process, slow inactivation has usually been studied indirectly using depolarizing pre-pulses, with a subsequent test pulse to measure the fraction of channels not inactivated during the pre-pulse. Fast inactivation is removed using a brief repolarization applied between the pre-pulse and test pulse.
A more direct approach which was used in my study is to examine slow inactivation after first enzymatically removing the fast inactivation process of the channel. While the number of gating reactions is then simplified, it should be noted that potential interactions between the two inactivation states are eliminated.
Single-channel analysis can be used with advantage in the study of slow inactivation since ion accumulation and depletion problems are avoided, and measurements can be made although the probability of a channel opening is small. Neuroblastoma cells were utilized in this study, since they remain a convenient preparation for repeatable measurements of single Na+ channel currents in membranes of a generic type of neurone.
The results presented indicate that slow inactivation does not require fast inactivation to be intact for its operation in mammalian neurones. By measuring bursts of Na+ currents, kinetics of the onset and recovery from slow inactivation were determined. In the absence of fast inactivation, the onset of slow inactivation and its recovery slowed as the membrane was depolarized. The last observation is consistent with the idea that inactivation rates are greater from closed states of the channel than from open states. Slow inactivation appeared to be at least partly responsible for the hibernation of Na+ channels during a series of depolarizations. Preliminary reports have been presented (Quandt, 1983 (Quandt, , 1986 .
METHODS

Preparation
Neuroblastoma cells (NIE-115) were maintained in tissue culture for use in experiments. Standard culturing conditions were utilized. Cells were grown in Dulbecco's Modified Eagle's medium supplemented with 5 % fetal calf serum and 20 mM-HEPES at a temperature of 37 'C. Air utilized for culturing was humidified and had a CO2 content of 10 %, which brought the pH of the media to 7-4. Fungizone (2-5 mg/ml), penicillin (100 units/ml) and streptomycin (100 ,tg/ml) were also routinely added to the growth media.
SLOW INACTI VATION OF SINGLE Na+ CHANNELS
The cells were differentiated on glass cover-slips prior to their use by growing them in media containing reduced fetal calf serum (1%) and 2% dimethylsulphoxide (Viverberg, Pauron & Lazdunski, 1984) . Experiments reported here utilized cells treated in this way for 3 days to 2 weeks.
Recording conditions
Single Na+ channels were recorded using the 'inside-out' configuration of the patch-clamp technique (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) . In this case, the cytoplasmic surface of the membrane was oriented toward the bath in order to allow controlled perfusion of enzyme to modify Na+ channels, as well as to eliminate contribution of currents due to K+ channels from the records. Glass pipettes used for patch clamping were fire polished to an opening diameter of 1 ,um, and had a resistance of 5 MCI when measured using typical recording solutions (see below). The seal resistance between the pipette and membrane was typically 10-20 GQ.
The amplifier used to record single-channel currents was built in the laboratory. Three active stages of correction were used to eliminate abberations in frequency response characteristics of the current to voltage converter introduced by the feed-back resistor. Ag2+-Ag+ Cl-pellets were used to set the pipette voltage to virtual ground and to control the voltage of the bath. A separate pipette was used to measure the actual potential of the bath and automatically compensate for drifts due to electrode liquid junction potentials when the composition of the bath was changed.
Responses evoked by steps in membrane potential were digitized using a 12-bit analog-to-digital converter (ADAC 1023AD, ADAC Corp.) connected to an LSI 11/23 computer (Digital Equipment Corp.) via direct memory access and stored on digital magnetic tape. Pulses were generated using a 12-bit digital-to-analog converter driven by an optically isolated parallel port. Both functions were controlled by crystal clocks (ADAC 1601). Responses recorded during maintained depolarization were stored directly on video tape using a 14-bit analog-to-video adaptor (Technics SV-100, Matsushita-Electric Co.) modified to extend the frequency response to d.c. All signals were filtered to 1 kHz (-3 dB) prior to digitization using an eighth-order Bessel filter (Frequency Devices 902 LPF).
The pipette (external) solution was a normal physiological saline solution composed of (mM): NaCl, 125; KCl, 5*5; CaCl2, 3; MgCl2, [0] [1] [2] [3] [4] [5] [6] [7] [8] HEPES, 20; dextrose, 25. Sucrose was added to bring the osmolarity to 330 mosm and the pH was adjusted to 7-3 using NaOH. Prior to excising the patch, the solution perfusing the bath was changed from the external to an internal solution, which was then utilized for recording. The internal solution consisted of 150 mM-glutamic acid, 20 mM-EGTA, 20 mM-HEPES and 1 mM-Na-HEPES. The pH was brought to 7-2 with the addition of CsOH. Recording was done at room temperature, except as noted in some experiments where it was altered using a thermo-electric device which cooled the solution flowing into the bath. When indicated in the Results section, papain (Cooper Biochemicals) was added to the internal solution along with 3 mM-cysteine (free base).
Analysis
For responses evoked by voltage steps, averaged traces without channel openings were used to subtract capacitative and leakage current components from traces used for analysis as well as traces shown in this paper. An automatic analysis of intervals between opening and closing events in these records was performed by the computer which determined when currents crossed an amplitude half the distance between the baseline current and that generated by the open channel (see Colquhoun & Sigworth, 1983) . Channel openings from continuous records stored on video tape were reconstructed for automatic computer analysis using a technique similar to that given by Sigworth (1983) . These records were routinely refiltered using a 500 Hz cut-off frequency during playback in order to further enhance the signal to noise ratio for the automated analysis. This procedure brought the effective cut-off frequency to 447 Hz. Events less than 0 4 ms in duration were therefore not included in the analysis.
Fitting of the histograms to exponential distributions was done employing a program which used a least-squares criterion (vanMastright, 1977; algorithm B) . Histograms presented were obtained under conditions of low probability of opening so that the simultaneous opening of more than one channel did not contribute to the analysed data. In some experiments, the number of channels in a patch was determined by measuring the maximum number of channels open simultaneously during evoked responses to -10 or 0 mV from a holding potential of -120 mV following the SLO W INACTI VA TION OF SINGLE Na+ CHA NNELS removal of fast inactivation with papain. Under these conditions, the initial probability of opening of Na+ channels is quite high and the lifetime of each open channel is long, so that overlapping currents due to the opening of all the channels were readily observed.
RESULTS
Papain removes fast inactivation
In order to examine the effects of slow inactivation on the gating of Na+ channels in the absence of fast inactivation, the latter process was removed by briefly exposing the internal surface of the membrane to papain. Numerous reagents and other enzymes not able to partition in the membrane are capable of removing fast inactivation primarily through modification of arginine or lysine residues (Rojas & Rudy, 1976; Eaton, Brodwick, Oxford & Rudy, 1978) . Compared with pronase, trypsin, or N-bromacetamide, I have found that papain produced this effect most consistently, without reductions in the number of channels in a patch or increases in the leakage current of the membrane. Papain is also capable of cleaving these residues when activated by cysteine and a Ca2+ chelator (Glazer & Smith, 1971 ). The use of papain to produce an irreversible removal of fast inactivation is not without precedent (Morrello, Begenisich, Trzos & Reed, 1980) . Evidence that papain is able to remove fast inactivation is shown in Fig. 1 . In single-channel experiments, there are two indications that the fast inactivation process has been removed (Patlak & Horn, 1982) . First, the rapid decline in probability of the conducting state with time during a 50 ms depolarization is eliminated. Secondly, since channels can normally close from the open state to the fast inactivated state, the average lifetime of the channel is increased by a factor of two to three after this particular reaction is no longer possible. Currents due to the opening of Na+ channels taken from inside-out patches of membrane excised from neuro- Fig. 1 . Papain removes the fast inactivation process of Na+ channels. Patches of membrane were isolated in the inside-out configuration. A, typical examples of membrane current evoked by step depolarizations of the membrane to -40 mV from a holding potential of -110 mV at 5 s intervals (10°C). Note the inward current steps (downward deflections) due to the opening of single Na+ channels. The bar at the bottom shows the time course of the depolarization. B, average of thirty-two records, similar to those shown in A. The start of the depolarization is shown by the arrow. The decline in current following the peak amplitude was fitted by the expression I(t) = -091 exp (-t/7-7) -0008, as shown by the continuous line. C, histograms of open times from records obtained at -40 mV from the patch used in A and B. The probability distribution of 169 open times was best fitted by a sum of two exponentials: P(t) = 081 exp (-0-88t) + 019 exp (-023t). D, records from a second excised patch of membrane. Recording conditions were similar to those utilized for the traces shown in A (holding potential -90 mV, test potential -40 mV, 8-4°C), except that the internal surface of the patch had been previously exposed to 1P85 units/ml papain for 75 s. E, the average of thirty-one evoked membrane currents is shown. The continuous line shows the best fit, which was given by the expression I(t) = -l10 exp (-t/2174) -002. For purposes of illustration, the data was smoothed using a 100 Hz Gaussian filter routine (Colquhoun & Sigworth, 1983) . F, histogram of open times at -40 mV following treatment with papain. The curve is given by P(t) = 0-36 exp (-0-35t) + 064 exp (-007t). 2371 opening events are included in tho measurement.
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blastoma cells under control conditions are shown in Fig.1 A. As can be seen in the representative records, most openings were only a few milliseconds in duration. In addition, no conducting states were observed toward the end of the depolarization. The overall opening activity of the channels in the patch was measured by averaging together many records similar to those shown. The resulting membrane Na+ current is illustrated in Fig.1 B . The current exhibited initial activation and subsequent inactivation phases, which are typically found for currents measured under voltage clamp conditions from the whole cell (Quandt & Narahashi, 1984) . As shown by the fitted curve, the time constant of decline of Na+ current in this experiment was 7*7 ms. The histogram in Fig.1C shows the probability that any channel will have an open time equal to or greater than that indicated on the abscissa. The probability distribution should be a simple exponential function of time for a low-probability closing event from a single class of open state (e.g. Neher & Steinbach, 1978) . The decay rate fitted to the distribution is equal to the sum of the rate constants for reactions leading from the open state. The mean open time is the inverse of the mean closing rate. In general, multiple exponential distributions indicate the presence of more than one kinetic state associated with any measurement (e.g. Colquhoun & Sakmann, 1981; Quandt & Narahashi, 1982) . In this case, the exponential curve which best described the data had two components, suggesting the presence of two open states. 81 % of these open events were associated with a population having a mean open time of 1 1 ms. The mean open time of the remaining events was 4-3ms.
Papain was applied to patches in order to remove fast inactivation. The time course of development of the effect of papain could be followed by measuring the decay of current during a 1700 ms pulse from a -120 mV holding potential applied to a patch containing many channels. As the time of exposure to papain was increased, Na+ channels were open longer. The initial amplitude of Na+ current then increased, since currents contributed by individual channels summed. The resulting slow decline in current appeared not to be due to a continuous change in the time constant of inactivation, since current at an early time of exposure gave a similar time course to that obtained at a later time during the experiment if scaled to the same initial amplitude. Figure 1D -F shows data from a patch which had previously been exposed to papain. The typical records in D show that Na+ channels were open for much longer periods of time. Further, Na+ channels reopened many times throughout the depolarization. The average membrane current under this condition is shown in E. The current declined with a time constant of 2-17 s. This value is about 280 times slower than that for unmodified Na+ channels. The decline in average membrane current which occurs following opening of Na+ channels in response to a step depolarization is likely to be attributable to the slow inactivation process. While resembling fast inactivation, the onset of slow inactivation is typically orders of magnitude slower (see the Discussion). The slow inactivation process is known to survive enzyme treatments which remove fast inactivation (Rudy, 1978; Oxford, Wu & Narahashi, 1978) . The slow decline is not due to Na+ accumulation, since there was no reduction in the amplitude of single-channel currents opening toward the end of the de-
polarization.
The mean open time for both populations appeared to be about three times longer 568 SLOW INACTIVATION OF SINGLE Na+ CHANNELS following exposure to papain. Figure 1F shows the probability distribution of open times. The fitted curve revealed two classes of open states having mean lifetimes of 2-9 ms, and 14-3 ms. Evidence (see below) indicates that both populations represent the opening of modified channels. A similar increase in the average open time of Na+ channels was found in two studies which used N-bromoacetamide to remove fast inactivation (Patlak & Horn, 1982; Horn, Vandenberg & Lange, 1984) . The drastic slowing of the time course of reduction in Na+ currents during depolarization and the increase in open time caused by papain were not reversed following removal of the enzyme from the solution in contact with the internal surface of the membrane (for periods greater than 1-5 h). The most likely explanation for these effects is that papain is able to irreversibly eliminate the process of fast inactivation.
Burst activity of modified Na+ channels A third consequence of removing the fast inactivation process from Na+ channels with papain is illustrated in Fig. 2 . If the membrane was chronically depolarized to potentials between -60 and -10 mV, Na+ channels recycled between closed and open states for prolonged periods. Other agents which also remove fast inactivation that I have tried (TCPK-treated trypsin, N-bromoacetamide) also readily caused Na+ channels to open in the steady state. Similar events were never observed for patches in which Na+ channels were not modified. Since the spontaneous opening activity was interrupted by long periods (often tens of seconds) of silence, higher temperatures (22°C) were used in order to increase the number of observed openings in any time. It became readily apparent that the opening of Na+ channels occurred in bursts under these conditions. Figure 2A shows portions of a typical continuous record of membrane current from a patch of membrane in which fast inactivation was removed. The gaps between the portions illustrated contained no inward current attributable to channel opening.
In order to clearly identify bursts of channel activity it is necessary to show that there are two classes of closed states having rather different lifetimes. In fact, it was quite easy to distinguish two different classes of shut times, as shown in Fig. 2B . Distributions of all closed times for any one membrane potential showed that at least two populations existed. The majority of closing events were followed by an opening event within 100 ms. For any potential between -60 and -10 mV, it was found that an event having a lifetime longer than 100 ms represented a unique type of closed state. The distribution of lifetimes for closing events longer than 100 ms are shown in Fig. 2C . The histogram was typically fitted with a single exponential. The curve gives the distribution expected for an event with a mean duration of 7-12 s. This period apparently corresponds to the mean interval between bursts.
The probability distribution of any closed time less than 100 ms would then correspond to the interruptions in inward current due to closing events within a burst, and is illustrated in Fig. 2D . At least two classes of gaps within bursts could be identified. Histograms of such closed events were typically the sum of two exponential distributions. Most events were from a subpopulation which had a mean duration of 1-7 ms and the remaining events had a mean duration of 10-0 ms.
The termination of bursts shown in Fig. 2 could be caused by the entry of a Na+ channel into a slow inactivated state. One test of this idea would be to see whether Figure 3 shows an experiment which tests this hypothesis. The protocol used to measure the time course of slow inactivation was similar to that for the experiment shown in Fig. 1 D and E. Note however a higher temperature (22°C) was used in order to allow a direct comparison with spontaneous bursting activity. In this patch, the average membrane current in response to the step depolarizations declined with a multi-exponential time course having time constants of 67 and 417 ms. Extrapolation of the decay of the current to the onset of the depolarization showed that 65% of this current declined with the shorter time constant. The histogram in Fig. 3 C shows the probability distribution for the delay between the onset of the depolarization and the first opening of a channel. The 'first latency' had a mean value of 3-6 ms in this experiment when corrected for the four channels in the patch (see Patlak & Horn, 1982) . This value was only slightly longer than the average time of 2-4 ms for closed times within bursts.
The average current revealed that substantial Na+ currents were generated for hundreds of milliseconds following a step depolarization. Since Na+ channels open within a few milliseconds and the mean lifetime of the open channel is less than 10 ms, Na+ current during later times must be primarily due to channel reopening. The slow decline in current is then due to a reduction in the probability that channels will reopen.
Spontaneous bursts of single Na+ channel currents obtained from the same patch of membrane at the same potential are shown in Fig. 3D . The histogram of burst durations is shown in Fig. 3E . It is clear that two types of bursts can be seen in the histogram. The mean durations and proportions of these two components, used to describe the distribution of bursts, are very similar to the time constants and amplitudes of the two components for inactivation shown in Fig. 3B . The similar kinetics indicates that when a channel first opens, it will have the same probability of not reopening regardless of the time it has spent at that potential. The same process, namely slow inactivation, is therefore responsible for the reduction in probability of reopening during the decline of current in Fig. 3B and for the termination of a burst.
Diphenylhydantoin is an anticonvulsant which can enhance slow inactivation of Na+ channels in voltage clamp experiments (Matsuki, Quandt, Ten Eick & Yeh, 1984) . The association of burst kinetics with the slow inactivation process is also supported by the observation that diphenylhydantoin reduces the duration of the bursts and increases the burst interval (Quandt & Yeh, 1986 ).
Voltage dependence of inactivation
Traditionally, the extent of inactivation at any voltage is measured by the Sinfinity curve, and the rate of entry into the inactivated state is determined by the time course of Na+ current evoked by step depolarizations. In order to correlate these types of measurements with those obtained from burst kinetics, the voltage dependency of slow inactivation was determined from averages of single-channel currents in experiments similar to those shown in Fig. 1E and Fig. 3B . Fig. 4A shows the S-infinity curve for three excised patches. In each case, the holding potential of the membrane was varied to inactivate channels. The average Fig. 3 . Burst kinetics of Na+ channels are due to the process of slow inactivation. A, typical membrane currents evoked by step depolarizations to -40 mV at 5 s intervals from a holding potential of -90 mV (22 TC). B, average membrane current from seventy-eight records similar to those shown in A. For illustration, the data was filtered as described in Fig. 1 E using a cut-off frequency of 500 Hz. The decline in average current is described by I(t) = -2-29 exp (-t/67)-1-25 exp (-t/416-7)-0-034. C, distribution of first latency of opening. The fitted probability distribution of P(t) = 0-97exp(-1-it)+0-03exp (-0-082t) is given by the continuous line. D, examples of bursts due to the opening of Na+ channels from the same patch of membrane at -40 mV. The numbers to the left and right of each burst indicate the time (in ms) before and after, respectively, neighbouring bursts. E, distribution of 130 burst durations. The continuous line plots the expression P(t) = 0-65 exp (-t/83) + 0 35 exp (-t/416-7). peak current in response to a depolarization to a test potential was used to determine the fraction of channels not inactivated during the pre-pulse. Slow inactivation could be observed at potentials as negative as -100 mV. The voltage at which channels were inactivated half of the time was about -85 mV. This value is substantially more negative than that found in whole-cell voltage clamp experiments (Quandt & Narahashi, 1984) . However, many researchers have noted a shift in the voltage sensitivity of gating parameters in excised patches to more negative potentials when compared to similar measurements performed on intact cells (e.g. Fernandez, Fox & Krasne, 1984) . Since little or no activation of Na+ channels could be observed at potentials more negative than -60 mV, it follows that slow inactivation can proceed from closed states of the channel in this range of potentials.
The time constant of slow inactivation was determined as a function of membrane potential by measuring averages of single-channel records evoked by the depolarizations, as shown in Fig. 4B . The currents at the onset of the depolarizations were normalized to 1 0 in the Figure in order to visualize the differences in time course of average Na+ current at various potentials. As can be readily seen, the time course of the decline in Na+ current slows as the membrane is brought to a more depolarized value. Although only two potentials are shown, this relationship was similar for all currents measured between -50 and -20 mV at 10 mV intervals. The time course of inactivation at -40 mV could be fitted with two exponentials having time constants of 100 and 588 ms. The time constant at -20 mV increased to 725ms. Quantitative results consistent with the voltage dependency of the time constant of inactivation shown in this example were found for all three patches in which it was examined. The average time constant for these three patches was 413 (±55) ms at -40 mV and increased to 739 (±121) ms at -20 mV.
All burst parameters, including burst durations, interval between bursts, as well as open and closed times within bursts were functions of the membrane potential. Figure 5 shows the measurements for four patches in which burst activity could be measured over a range of potentials between -50 and -20 mV. As shown in Fig.   5 A, the mean burst interval was found to increase by a factor of two over this range.
The burst intervals shown were corrected for the number of channels in the patch.
If all channels are independent, then the average frequency of bursts for n channels would be n times the frequency per channel. The actual interval per channel is then the measured interval times the number of channels (Colquhoun & Hawkes, 1982) .
Since the loss of a channel during the experiment could increase the interval, the mean interval was obtained at the end of the experiment using the membrane potential applied at the beginning of the experiment in order to ensure that the values did not change over time. If the interval between bursts is due to the slow inactivated state, the data indicates that the rate of recovery from inactivation decreases as the membrane is depolarized, as found in previous studies (Brismar, 1977; Rudy, 1981) .
The rate at which Na+ channels become inactivated was investigated by constructing histograms of the distributions of burst times, similar to that shown in Fig.  3E . Most of these histograms (nineteen out of twenty) were best fitted by a sum of two exponential distributions. Mean durations are given in Fig. 5B . The two distributions suggested that two classes of bursts existed, each with a different mean Overall, the mean duration of one type of burst was about nine times longer than the other. The relative proportions of short to long bursts was fairly constant with voltage, as shown in Fig. 5C . An estimate of the number of channel openings during short bursts can be made by multiplying the average duration by the probability of an open channel (see below) and dividing by the mean open time. The data suggest that an average short burst is comprised of more than one opening.
The time constant of slow inactivation increased as the membrane was depolarized (Fig. 4B ), suggesting that the mean burst duration would increase. This prediction was in fact confirmed. The mean duration of either type of burst increased by a factor of three to five as the membrane potential was depolarized from -50 to -20 mV.
A possible relationship between events during the burst and the burst duration was next examined in order to understand the lengthening of burst duration with depolarization. During a burst, the probability that a channel was in the open state increased as the membrane was depolarized. This effect of membrane potential is shown in Fig. 5D . The increased probability is due to the voltage dependency of the rates of reaction between closed and open states of the channel. The period of time a channel was in an open state increased as the membrane was depolarized in the absence of fast inactivation (see below), while the duration of a closed state within a burst decreased (not shown). The rate of entry into the inactivated state from open states may be different than that from closed states. The voltage dependency of the probability of an open channel within a burst would then contribute to the voltage dependency of the burst duration (see the Discussion).
The steady-state probability that a single channel was in the open state at any potential is shown in Fig. 5E . In this case, the percentage of time any channel was open was first found. Since patches contained more than one channel, the probability that one channel would open (P) was calculated by equating the portion of time open to n(P(1 p)n-l), where n is the number of channels in a patch. The probability was found to be extremely low (0-0015-0{003) over this range of potentials. The Sinfinity curve (Fig. 4A ) predicts that this probability will be small during steadystate measurements since the channel is primarily in the slow inactivated state for potentials less negative than -60 mV. The low probability of an open channel was primarily due to the long interval between bursts. This observation also supports the suggestion that the interburst interval is associated with the slow inactivated state.
The probability of an open channel increased slightly as the membrane was depolarized. The overall effect was due to the reduced rate of recovery from the inactivated state with depolarization, coupled with an increase in the probability that a channel was open within a burst, and a reduced rate of inactivation.
Multiple open times
The histograms of open times from spontaneous bursts of Na+ channels, or from those evoked by step depolarizations consistently revealed the presence of two open states. The two open states could be due to two types of channels or to one type of channel having two open states. Bursts could also be separated into classes having a short or long duration. Each burst during maintained depolarization appeared to F. N. QUANDT 576 SLOW INACTI VATION OF SINGLE Na+ CHANNELS be due to the opening of a single channel, since the overall probability of an open channel throughout the depolarization was very low (see Fig. 5E ) and simultaneous opening of two channels was never observed. It was therefore relevant to determine whether a particular type of burst was associated with only one type of open state. Figure 6A shows the histogram of open times from all spontaneous bursts of Na+ channels for one patch recorded at a membrane potential of -20 mV. About half the openings appeared to be associated with a kinetic state having a mean duration of 3-7 ms. The second open state had a mean duration of 25-0 ms. Figure 6B shows the histogram of burst durations. Two types of bursts, with mean durations of 71-4 and 833 ms, were observed under these conditions. An open-time histogram was constructed for all bursts having durations greater than 1200 ms. As shown in Fig. 6C , these long bursts still had both populations of open times. The percentage of opening events having a mean duration of 25 ms was only increased by 11 % within long bursts compared to all bursts. The results indicate that any type of burst has either type of open state, supporting the idea that a single type of channel can have two open states. The observation that the burst interval was most consistently found to be due to a single state is also in agreement with this interpretation.
The voltage dependency of the lifetime of the two open states was also investigated. The mean duration of either type of open state was less at more negative potentials. For example, Fig. 6D shows the open-time histogram of Na+ channels from all bursts, using the same patch of membrane, but during depolarization to -40 mV. Both open states had mean durations which were reduced compared to those obtained at -20 mV. This result indicates that open states having short durations are not due to channels still retaining the fast inactivation process, since the open time of unmodified channels is greater at a membrane potential of -40 mV than at -20 mV . Treatment with N-bromoacetamide was found to reverse this relationship.
Slow inactivation can cause Na+ channels to hibernate Hibernation refers to the ability of Na+ channels to open, in response to a series of depolarizations, in clusters of records . This type of activity has been observed following removal of fast inactivation with N-bromoacetamide.
Hibernation of Na+ channels was also observed following the removal of fast inactivation using papain, as shown in Fig. 7 . Sequential records of membrane current evoked by step depolarizations are shown. Although the opening of Na+ channels occurred in some records and was absent in many others, the two types of records appeared in groups rather than being randomly distributed.
Slow inactivation of the Na+ channel could be responsible for the phenomenon of hibernation, since the probability of a Na+ channel opening from this state is low. This notion is supported qualitatively by the experiment illustrated. If a burst is terminated by entry into the slow inactivated state, and a channel is open at the termination of the depolarization, it has not inactivated. This channel should then be available to open at the start of the next depolarization. As can be seen in Fig. 7 , for each record in which the channel was open at the end of a depolarization, it opened at the onset of the next depolarization. In each case, the onset of hibernation was associated with a preceding record in which the channel was closed before the end of the depolarization. It should be noted that inactivation may not necessarily lead to hibernation, since the channel could recover from inactivation during the intervening repolarization. In addition, inactivation can occur at the holding potential in this experiment (Fig. 4A) .
The results of eight experiments designed to test the idea that slow inactivation is at least partly responsible for hibernation, using a protocol similar to that shown in Fig. 7 , are summarized in Table 1 . The probability that any record contained at least one open Na+ channel was calculated (PO). The probability of an open channel in a record subsequent to a record in which a channel was seen to inactivate (Po' I) was also calculated, as well as the probability that a record contained an open channel subsequent to a record in which a channel opened but did not inactivate (Po NI)
during the pulse. In each experiment except one, the probability of an open channel subsequent to a record with a channel which had not inactivated (PO NI) was greater than that expected from the overall probability of a record with an open channel (PO), and approached 1 0. However, the probability of observing a channel in a record subsequent to one in which a channel inactivated (PO I) is generally less than or equal to PO. Po, NI is markedly more than Po I in the majority of patches. Apparently, when a channel enters the slow inactivated state, hibernation is more likely to occur. The observation supports the suggestion that the slow inactivation process can lead to hibernation.
DISCUSSION
Previous work examining inactivation in various preparations has shown that there are multiple components of slow inactivation. Although the kinetics of onset and recovery of slow inactivation have not been measured using voltage clamp techniques applied to the whole cell, the process seems to reach steady state within 35 s at 10°C (Quandt & Narahashi, 1984) . Results shown in Fig. 1 indicated that the onset of slow inactivation is slower than that of fast inactivation by over two orders of magnitude measured at the same potential. The component studied here is therefore roughly similar to that for slow inactivation in Myxicola (Schauf, Pencek & Davis, 1976; Rudy, 1981) and squid axon (Adelman & Palti, 1969; Chandler & Meves, 1970; Rudy, 1978) . Slow inactivation in this range has also been observed in arthropod axons (Narahashi, 1964; Shrager, 1977) , skeletal muscle (Collins, Rojas & Suarez-Isla, 1982) , and mammalian heart muscle (Gintant et al. 1984; Kunze, Lacerda, Wilson & Brown, 1985) . Studies on frog node have shown many components to inactivation, including two components which occur within a few milliseconds (Chiu, 1977; Schmidtmayer, 1985) , and an intermediate component operating over 1-6 s (Fox, 1976; Brismar, 1977) . A fourth component, ultra-slow inactivation, proceeds over a time course up to hundreds of seconds (Fox, 1976; Neumke, Fox, Drouin & Schwarz, 1976) . This latter component is also found in frog skeletal muscle 580 F. N. QUANDT SLOW INACTI VATION OF SINGLE Na+ CHANNELS (Almers et al. 1983) . The intermediate component is clearly most like that described in this paper.
The interpretation of the results assumes that following removal of fast inactivation with proteolytic enzymes, the kinetics of slow inactivation remain unchanged. While previous studies have shown that slow inactivation is an independent process, it may be modified due to the loss of fast inactivation. Numerous studies on squid axon have shown that the slow inactivation process survives removal of fast inactivation with N-bromoacetamide or pronase (Oxford, Wu & Narahashi, 1978; Rudy, 1978) . No shift in the voltage dependency of slow inactivation was seen after exposure to N-bromoacetamide. Starkus & Shrager (1978) however, found that steady-state slow inactivation was shifted up to 25 mV in the depolarizating direction following the internal application of trypsin, with a slowing in its onset. Fast inactivation was not altered in this case. Rudy (1978) found that the rate of onset of slow inactivation increased following treatment with pronase, concurrent with the elimination of fast inactivation. The effect in squid was consistent with the idea that slow inactivation was coupled to the state of the channel associated with fast inactivation, as well as to the open state, and that the rate of reaction from the former state was less than that from the open state. Khodorov, Shishkova, Peganov & Revenko (1976) have also suggested coupling of slow inactivation to fast inactivation in order to explain the block of Na+ currents by local anaesthetics. A reversible reaction pathway between these two states was also included in a model used to explain the long-term inactivation of gating currents (Bezanilla, Taylor & Fernandez, 1982) . One complete study on myelinated nerve with intact fast inactivation showed that the voltage dependency and time course of this fast process was independent of the amount of slow inactivation (Brismar, 1977) . Alterations in the slow inactivation process, due to the use of papain, therefore primarily relate to the loss of a reaction pathway between fast and slow inactivation states. Any possible shift in the voltage dependency of slow inactivation seemed to be more toward negative potentials in comparison to measurements on the whole cell.
Recent reports have shown that long-duration bursts of a Na+ channel can occur during long-term depolarizations applied to membranes of rat heart cells (Patlak & Ortiz, 1985) and frog skeletal muscle Patlak, Ortiz & Horn, 1986) with intact fast inactivation. These events were rare (1 out of 2000 pulses per channel) and were interpreted to be due to a spontaneous but reversible loss of fast inactivation. The mean open time of the openings within bursts was about three times greater than the open time for events not in bursts, but reached a maximum of between 3 and 4 ms at -20 mV (10°C). The burst duration was not measured, but was between 100 and 400 ms. The data presented here showing bursts of Na+ channels during step depolarizations support the interpretation given for the spontaneous occurring bursts in muscle. However, the open times reported in this paper are much longer. Also, due to the large number of channels opening just after the onset of any depolarization it was not reported in those studies whether the first latency for bursts was the same as that for individual opening events, as would be predicted from their conclusion.
Spontaneous opening of Na+ channels has previously been observed following modification of the channel by batrachotoxin (BTX; Quandt & Narahashi, 1982; Kreuger, Worley & French, 1983; Huang, Moren & Ehrenstein, 1984) . However, channels modified by BTX do not obviously burst. BTX-modified channels do exhibit two closed states, however (Huang et al. 1984; Moczydlowski, Garber & Miller, 1984) . The ratio of the longer closed time to the short closed time was between five and thirteen. The lack of very long-duration interval similar to that seen in this study is likely due to the fact that BTX is able to eliminate slow as well as fast inactivation of the Na+ channel (Khodorov, Peganov, Revenko & Shishkova, 1975; Huang, Moran & Ehrenstein, 1982) .
The results indicate a discrete state for slow inactivation, since the process was reversible, and there was no evidence for any time dependency to the rate of onset or recovery from slow inactivation at a fixed potential. A model with a minimum number of elements for bursting of Na+ channels in the absence of fast inactivation would require three states, including one closed state, one open state, and a state corresponding to slow inactivation. However, a model including only these states fails to generate the two different components of burst duration, a prominent feature of the data. Measurements of either open or closed times within a burst could be fitted with at least two exponentials, indicating that at least two open states and two closed states are also required for any model. Na+ channels in mammals are well known to have more than one closed state (e.g. . Two open states have been previously described for Na+ channels in this preparation (Nagy, Kiss & Hof, 1983) . A model which produces the types of activity exhibited by Na+ channels exposed to papain might be similar to that previously used to describe Ca2+-activated K+ channels in skeletal muscle (scheme 1 of Magleby & Pallotta, 1983) , as well as acetylcholine-activated channels in muscle (Colquhoun & Hawkes, 1982) .
These models share the common feature of multiple populations of bursts, multiple open or closed states within bursts, and a long-duration non-conducting state similar to the slow inactivated state.
Both the mean burst duration and time constant of inactivation measured under these conditions increased as the membrane was depolarized. In previous studies, the time constant of slow inactivation decreased over the range of potentials positive to the potential at which S-infinity = 0-5 (Brismar, 1977; Rudy, 1981) . Although the difference could be due to the removal of inactivation, the voltage dependency of the time constant was not altered after fast inactivation was removed in squid axon (Rudy, 1978) . Previous models of slow inactivation based on voltage clamp experiments applied to axonal preparations have included reactions from both closed to slow inactivated, and open to slow inactivated states (e.g. Bezanilla et al. 1982 ).
At potentials more negative than -60 mV, slow inactivation is almost complete although little or no activation of Na+ channels could be observed (Fig. 4A ). Slow inactivation must therefore proceed primarily from closed states of the channel, at least in this range of potentials.
The probability that the channel is in the open state during a burst increased as the membrane is depolarized. The decrease in the rate of slow inactivation with depolarization could be explained if the average rate constant for the reaction from closed states is greater than from the open states. Although these rate constants could also be voltage dependent, substantial reductions in the effective rate of inactivation could occur with depolarization by this mechanism. F. N. QUANDT 582 I thank Patricia Wickel for maintaining the cells in culture, and Rae Barolet for secretarial assistance. This project was supported by grants from the Medical Research Council of Canada and the Alberta Heritage Foundation for Medical Research.
